When the atomic force microscopy (AFM) in tapping mode is in intermittent contact with a soft substrate, the contact time can be a significant portion of a cycle, resulting in invalidity of the impact oscillator model, where the contact time is assumed to be infinitely small. Furthermore, we demonstrate that the AFM intermittent contact with soft substrate can induce the motion of higher modes in the AFM dynamic response. Traditional ways of modeling AFM (one degree of freedom (DOF) system or single mode analysis) are shown to have serious mistakes when applied to this kind of problem. A more reasonable displacement criterion on contact is proposed, where the contact time is a function of the mechanical properties of AFM and substrate, driving frequencies/amplitude, initial conditions, etc. Multi-modal analysis is presented and mode coupling is also shown.
Introduction
Modeling AFM structure as one DOF system or single mode analysis offers a simple way of analyzing AFM dynamic behavior and in certain scenarios this simple modeling catches the essential AFM dynamic characteristics [1] [2] [3] [4] [5] [6] . Burham et al. [7] are the first to apply impact oscillator model to the problem of AFM intermittent contact with the (hard) substrate/sample in tapping mode [2] . However, the impact oscillator model assumes the infinitely small contact time [8] , which physically means the oscillator bounces back instantaneously. Therefore, impact oscillator model is only suitable for the case of AFM contact with the hard substrate/sample. When AFM is in intermittent contact with the relatively soft substrate and even the driving frequency is lower than or around the system fundamental frequency, one DOF or single mode analysis should not be used without extreme caution. The discontinuity of AFM system stiffness caused by intermittent contact is a major source of nonlinearity. The intermittent contact together with the driving frequency and amplitude can induce the motion of higher modes in AFM dynamic response. This paper demonstrates this through a multi-modal analysis approach. 
Model development
In Fig. 1(a) , the AFM cantilever beam neutral axis and tip are initially separated from the sample with the distance of g 0 and g 1 , respectively. AFM is driven with a forced motion y(t) (t is time). w(x, t) in Fig. 1(b) is the beam deflection from the fixed end. When the AFM tip hits the sample, AFM tip is modeled to be in contact with a spring with the stiffness of K 1 and a damper with the viscous damping of C 1 . The cantilever beam displacement v(x, t) and tip displacement v T (x, t) in the coordinate system shown in Fig. 1 (b) are as follows:
vðx; tÞ ¼ wðx; tÞ þ yðtÞ þ g 0 ; v T ðx; tÞ ¼ v T ðtÞ ¼ vðL; tÞ
L is the beam length. By applying Hamilton's principle, the equation of motion is derived as follows:
m is the mass per unit length of the beam. C is the viscous damping of the beam. E is Young's modulus and I ¼ (b: beam width, h: beam height) for the beam with rectangular cross-section. Here d is Dirac delta function. v T defines the switching condition. y(t) is assumed as a sinusoidal motion of y(t) = fsin (xt). f and x are the driving amplitude and frequency, respectively. In order to nondimensionalize Eq. (2), the following dimensionless quantities are introduced:
The dimensionless governing equations of W are now
Àa 1 a 3 dðn À 1Þ sinðXsÞ À a 3 a 4 dðn À 1Þ À a 1 a 5 dðn À 1ÞX cosðXsÞ; V T 6 0:
Here a i s (i = 1-5) are defined as: N is the mode number, / j (n) is the mode shape of cantilever beam. Galerkin method which substitutes Eq. (6) into Eq. (4), times / i (n) and integrates from 0 to 1 is then applied [9] . Fourth order Runge-Kutta integration is used for the time integration of Eq. (4). 
Results discussion and remarks
In Figs. 2 and 3 , the following parameters are taken:
Fig . 2 shows the time series of AFM motion. That s starts from 120 is to guarantee that AFM system is in the steady state. The driving frequency is around the fundamental frequency and far away from the second one. Clearly at a 3 = 20 of soft substrate, the computation results of 1 mode are significantly different with those of 2 or 3 modes. So are the phase diagrams in Fig. 3 . The computation results of 2 modes agree well with those of 3 modes. This physically means that the contribution of the second mode to the AFM motion is significant and the third one is not. The motion of higher mode(s) in the AFM dynamic response even when the driving frequency is around the fundamental one is shown. Subharmonic motion which is one of major dynamic characteristics in intermittent contact dynamics is not shown in this paper. However, the information of subharmonic motion is included in Eq. (2) and further exploration on subharmonic motion is now carried out in our future work.
